PG-Lb was originally characterized as a small chondroitin\ dermatan sulphate proteoglycan expressed preferentially in the zones of flattened chondrocytes in developing chick limb cartilage. The occurrence of this proteoglycan in mammalian cartilage has been shown by the isolation of a cDNA clone from mouse cartilage cDNA library [Kurita, Shinomura,Ujita, Zako, Kida, Iwata and Kimata (1996) Biochem. J. 318, 909-914]. To understand the regulation mechanisms for such a unique expression, we have investigated a genomic DNA structure of the PG-Lb gene. The gene is composed of seven exons and six introns spanning more than 50 kb. The leucine-rich repeats are encoded from exon V to exon VII. The transcription initiation
INTRODUCTION
PG-Lb was for the first time isolated from chick embryonic epiphyseal cartilage [1] . Biochemical analysis showed that this proteoglycan is composed of a core molecule (the core protein plus oligosaccharides) of M r 43 000 and chondroitin\dermatan sulphate chains of M r 52 000 [1] . Subsequent cDNA analyses of chicken PG-Lb [2] revealed the structure of the core protein which was unique but related to other small chondroitin\ dermatan sulphate proteoglycans in cartilage such as decorin and biglycan [3, 4] . Recently, we have, for the first time, isolated a cDNA clone for mammalian PG-Lb from a cDNA library of newborn-mouse epiphyseal cartilage [5] . The cloned cDNA was 1430 bp long and contained a 966 bp open reading frame encoding the core protein of 322 amino acid residues. The deduced amino acid sequence showed a high identity with chicken PG-Lb (about 62 % on the whole, and about 80 % on the Cterminal two-thirds, of the molecule). The sequence further revealed the occurrence of six cysteine residues and leucine-rich repeats at the invariant relative positions to chicken PG-Lb. In addition, the occurrence of potential glycosaminoglycan-attachment and Asn-glycosylation sites suggested that the cloned molecule is a proteoglycan and corresponds to mouse PG-Lb.
Recent cDNA analyses for small proteoglycans have shown that many of them have leucine-rich repeats and belong to a family of small leucine-rich proteoglycans [6] [7] [8] . Three of them have keratan sulphate chains and are named fibromodulin, lumican and keratocan. Fibromodulin was found in cartilage [9] , and has been shown to bind both type I and II collagen in itro [10] . Lumican is present in several tissues, including cartilage, in
Abbreviations used : PG-Lb, proteoglycan-Lb ; 5h-RACE ; rapid amplification of cDNA 5h-ends ; FISH, fluorescence in situ hybridization ; LA-PCR, long and accurate PCR ; poly(A) + , polyadenylated ; DAPI, 4,6-diamidino-2-phenylindole. 1 To whom correspondence should be addressed (e-mail kimata!amugw.aichi-med-u.ac.jp). The nucleotide sequence data reported here will appear in the DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the accession number D87187 [5h-flanking region, first exon, first intron, second exon and partial second intron of the mouse gene for the PG-Lb core protein (4002 bp)].
site has been determined by rapid amplification of the cDNA ends (' 5h-RACE '). The possible TATA box was detected about 90 bp upstream of the adenosine residue that was numbered as position j1. Further analyses of 1.5 kb of the 5h flanking region and 2.2 kb of the first intron have revealed several potential binding motifs for transcription factors such as Sox 5 and 9. The presence of those sequences in the PG-Lb gene was discussed in relation to the unique expression of this proteoglycan. The chromosomal localization of the murine PG-Lb gene was determined to be on the mouse chromosome 10 by the fluorescencein-situ-hybridization (' FISH ') method.
addition to cornea in a non-sulphated form [11] . Keratocan is the ' newest ' member of the family [12] . The distribution is more limited than that of lumican or fibromodulin, and is abundant in cornea and sclera, but much less in skin, ligament and cartilage [12] . All of the six different small proteoglycans so far reported in the literature (decorin, biglycan, fibromodulin, lumican, keratocan and PG-Lb) were detected in cartilage, but their localization and expression are quite different from each other. We previously showed by immunohistochemical analysis that PGLb was expressed exclusively in the middle zone of embryonic epiphyseal cartilage consisting of flattened chondrocytes [13] . In contrast, other small chondroitin\dermatan sulphate proteoglycans were shown to be expressed rather widely. Decorin is in the whole zones of developing limb cartilage, biglycan is localized in the pericellular space in a variety of cell types, including chondrocytes [14] . Fibromodulin is rather localized in the interterritorial matrix [15] . In these regards, PG-Lb appears to be different in function from the other small proteoglycans. The physiological function of PG-Lb is unknown, but its unique expression suggests that this molecule may be involved in cytodifferentiation in skeletal cartilage tissues. We are, therefore, interested in the molecular mechanism of PG-Lb gene expression, which might help us to understand the function of PG-Lb.
In the present study we isolated and characterized several genomic clones encompassing the entire mouse PG-Lb gene. Comparison of the genomic structure with those of the other murine small proteoglycan genes indicates that the intron\exon organization and boundaries are highly conserved, although their length and sequences significantly vary from gene to gene [16] [17] [18] [19] , suggesting their evolutionarily close relationship. How-ever, comparison of the promoter structure with those of the murine decorin and biglycan genes revealed few potential binding sites for trans-acting factors commonly observed among those proteoglycans. Taken together, it is likely that PG-Lb is closely related to biglycan and decorin, but its function is different from theirs. We also show by the fluorescence-in-situ-hybridization (FISH) method that the PG-Lb gene is located on the mouse chromosome 10.
EXPERIMENTAL

Isolation and characterization of the mouse PG-Lb gene
A 129\sv mouse genomic DNA library in the λFix II Vector (Stratagene, La Jolla, CA, U.S.A) was used for screening. About 5i10& plaques were screened by standard plaque hybridization with various $#P-labelled cDNA probes encoding mouse PG-Lb core protein as follows : The mouse cDNA clone of 1.4 kb containing the entire open reading frame [5] was used for the first cloning. The PCR product corresponding to the 5h-and 3h-terminal regions (nucleotide positions 1-204 and 770-1430 of the mouse PG-Lb cDNA respectively) were used for the second cloning. Restriction-enzyme mapping and LA-PCR (long and accurate PCR) (Takara Shuzo Co., Ltd., Otsu, Japan) analyses were performed to identify three positive clones. The genomic DNA inserts were obtained from the large-scale preparation of the phage DNA by digestion with SalI and then subcloned into plasmid vector pGEM3Zf(k) (Promega Corp., Madison, WI, U.S.A.) for further analyses. The exons were mapped by the combination of hybridization with the cDNA clones and restriction-enzyme mapping. The size of each intron was determined by restriction-enzyme mapping and, in some cases, by PCR using primers located in the exons.
DNA sequencing and analysis
Nucleotide sequence was determined by the dideoxy-chaintermination method using 7-DEAZA Sequencing Kit Ver. 2.0 (Takara) [20] and [α-$#P]dCTP (Amersham International, Amersham, Bucks., U.K.) as a tracer. Primers were prepared on the basis of both the cDNA sequence and the proceeding sequence. The DNA sequences were compiled and analysed using GENETYX-MAC computer software program (Software Development Co., Ltd., Tokyo, Japan).
RACE PCR for the determination of 5h-RNA terminals
Rapid amplification of cDNA ends (RACE) using a 5h-Ampli FINDER RACE kit (Clontech, Palo Alto, CA, U.S.A) was applied to identify transcription initiation sites [21, 22] . The outline is shown in Figure 3 (a) (below). The sequence of an antisense gene-specific primer (primer a, 5h-dGCCTCTCAGA-CACTTTCTCGTTCTCTAC-3h) is derived from the cDNA sequence corresponding to the junction of the second and third exons. To prevent an artificial termination of the reaction due to secondary structures of mRNA, reverse transcription was carried out with avian myeloblastosis-virus reverse transcriptase at 52 mC for 30 min. A specially designed single-stranded anchor oligonucleotide provided in the kit was ligated to the 3h-end of the cDNA using T4 RNA ligase. In subsequent anchor ligation, a portion of the reaction product was used as a template for PCR amplification using a primer complementary to the anchor sequence (primer d) and a nested gene-specific primer corresponding to the cDNA sequence derived from the second exon (primer b, 5h-dTCCCTGTGTCCTCCAAGATGGCATCAT-ACA-3h). The reaction was performed in a Model PJ 9600 DNA thermal cycler (Perkin-Elmer, Norwalk, CT, U.S.A) using a GeneAmp DNA amplification reagent kit (Takara) under the conditions of 40 cycles at 95 mC for 1 min, 65 mC for 2 min, 72 mC for 3 min and an additional 15 min at 72 mC for extension. The product was then used as a template for the second PCR amplification. The reaction was performed using the combination of the anchor primer (primer d) and another antisense genespecific primer corresponding to the second exons (primer c, 5h-dGAGCTCTGTAGTTGGTGCAGCCA-3h). PCR cycling parameters were 30 cycles at 95 mC for 1 min, 54 mC for 2 min, 72 mC for 3 min and another 15 min at 72 mC for a final extension. The amplified products were analysed on 3 % NuSieve 3 : 1 agarose gel (FMC Bio Products, Rockland, ME, U.S.A) [ Figure 3 (b) below]. Then specific products were isolated, and the DNA fragments were purified and then cloned into a pGEM3Zf(k) vector after blunt-end formation and phosphorylation. The 5h-ends of individual clones were sequenced by the dideoxy-chaintermination method [20] .
Primer extension
The transcription initiation site of the mouse PG-Lb gene was also analysed by the primer extension assay. Polyadenylated RNA [poly(A) + ] prepared from cartilages of mice [5] was served as a template for reverse transcriptase and a specific oligonucleotide (primer e, 5h-GACTGAGCATACAGAGTCCTTG-GTATTTGCC-3h). The 5h-end of this primer was end-labelled using [γ-$#P]ATP (5000 Ci\mmol ; Amersham) and T4 Polynucleotide Kinase. About 3 µg of poly(A) + RNA from mouse cartilage was hybridized with the $#P-labelled primer in a volume of 15 µl containing 150 mM KCl, 10 mM Tris\HCl, pH 8.3, and 1 mM EDTA. The sample was heated at 65 mC for 60 min, and then cooled slowly to room temperature. This reaction mixture was then incubated at 42 mC for 60 min, with 30 µl of extension mixture [30 mM Tris\HCl (pH 8.3)\15 mM MgCl # \8 mM dithiothreitol\1 mM dNTPs\80 µg\ml actinomycin D] containing 20 units of avian-myeloblastosis-virus reverse transcriptase. After the reaction, RNase reaction mixture [25 µg\ml RNase A\5 µg\ml salmon sperm DNA\0.1 M NaCl\10 mM Tris\HCl (pH 7.5)\1 mM EDTA] were added and the mixture was further incubated at 37 mC for 30 min. The reaction mixture was then subjected to phenol\chloroform\3-methylbutan-1-ol extraction and the cDNAs were precipitated with ethanol. The products were analysed on a 6 %-polyacrylamide gel in 7 M urea.
FISH
The genomic clones in the PG-Lb gene were used as a probe to map the gene to mouse chromosomes by using FISH [23] . The clones were labelled with digoxigenin-dUTP using nick translation, and were then combined with sheared mouse DNA and hybridized to normal metaphase chromosomes derived from mouse-embryo fibroblast cells in a solution containing 50 % formamide, 10 % dextran sulphate and 2iSSC (1iSSC is 0.15 M NaCl\0.015 M sodium citrate). Specific hybridization signals were detected by incubating the hybridized slides in fluorescence-conjugated anti-digoxigenin antibodies followed by counterstaining with DAPI (4,6-diamidino-2-phenylindole), according to the manufacturer's (Genome Systems Inc., St. Louis, MO, U.S.A) protocol.
RESULTS
Isolation of the mouse PG-Lb gene
A 129\sv mouse genomic DNA library was screened with the mouse PG-Lb cDNA clone that we had obtained previously [5] . 
Figure 2 Alignment of exon/intron boundaries and comparison with consensus sequences for splicing
Exon sequences are indicated by UPPER-CASE letters and intron sequences by lower-case letters. Exon sequences for the 5h-untranslated region are shown in italics. Amino acids encoded near and at splice junctions are indicated in three-letter code below their codons. Splice-site consensus sequences are shown at the top and were adapted from the work of Shapiro and Senapathy 22 [16] . Py, pyrimidine.
Only one positive clone, which we designated mLB-I, was obtained. The same library was again screened with the 5h-or 3h-terminal regions of the mouse PG-Lb cDNA as probes. The second screening gave two additional positive clones, mLB-II and mLB-III, of the same (17.5 kb) size. The three clones thus obtained represented a more-than-50-kb genomic gene as a total, although they still did not cover the whole expanse (Figure 1 ).
Structural organization of the mouse PG-Lb gene
Every exon, including part of the exon-flanking regions, was sequenced bidirectionally. The exon-intron organization of the gene is depicted in Figure 2 , and exon sizes are listed in Table 1 .
Table 1 Exon sizes of mouse PG-Lb gene
The size of exon I was based on the major transcription start site shown in Figure 4 . The size of exon VII was evaluated from the cDNA sequence.
Exon number
Size (bp) Sequences for all exon-intron splice junctions matched with consensus sequences for intron splice donor and acceptor sites [24] . Exon I (93 bp) codes for only part of the 5h-untranslated sequences. Exon II (177 bp) is composed of the rest of 5h-untranslated sequences, the starting codon, the putative signal peptide and translated sequences. Exon III (175 bp) has two potential chondroitin sulphate attachment sites. Exon IV (159 bp) contains the consensus amino-flanking region which contains cysteine-rich clusters and is adjacent to the N-terminal side of the leucine-rich repeats [25] . Exons V-VII code for six leucine-rich repeats. There are three leucine-rich repeats in exon V, one in exon VI, one in exon VI-VII, where an intron splits the middle of the leucine-rich repeat 5, and one in exon VII. Exon VII ( 593 bp) also codes the termination codon and the 3h-untranslated region, including two potential polyadenylation signals. Two potential Asn-glycosylation sites are located in exon VII.
Transcription initiation sites
To identify the transcription initiation site of the mouse PG-Lb gene, two different analyses by primer extension and modified 5h-RACE methods were performed. The former method gave no conclusive results inasmuch as it gave multiple signals (results not shown) that may have been due to some steric hindrance in itro. However, the modified 5h-RACE method amplified two DNA fragments (Figure 3 ). Sequence analysis of the fragments suggested the two candidate sites which were located 94 and 39 bases upstream from the 3h-end of the first exon. However, the latter site does not seem to fit a canonical rule for the transcription initiation site [26] . We therefore predicted that the 
Table 2 Location of recognition sequences for transcription factors in the promoters of the mouse PG-Lb gene
Numbers in the location of 5h-nucleotide refer to nucleotide position relative to the major transcription site. The nucleotide sequence data are available from the DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the accession number D87187. The following putative cis-acting elements were identified by using GENETYX-MAC program and computerassisted analysis : primary target of signal transduction responding to PMA, epidermal growth factor and serum (PEA3), glucocorticoid-receptor-binding element (GR), members of a family of proteins which harbour a DNA-binding domain similar to that of sex-determining region Y (SRY) (Sox 5, Sox 9), two ets (E26 transformation-specific gene product)-like factors (PU), a binding site for a H4-histone-gene-inducing element (H4TF-1), a homoeodomain protein-binding element (Hox-1) and murine paired-related homoeobox gene (S8). N, any in sequence.
Location of Sequence
Description of factor 5h-nucleotide
transcription starts at an adenosine residue of the former site ( Figure 4) . A possible TATA box was observed about 90 bp upstream of the adenosine that was numbered as position j1 (Figure 4 ).
Promoter region
The 5h flanking region of mouse PG-Lb (1461 bp upstream of the adenosine), the first intron, the second exon, and the partial second intron, which consist of 4002 bp were sequenced (refer to the Nucleotide Sequence Database under the accession number D87187) and examined for the possibility that they contain sites with any structual or functional features of mammalian pro-
Figure 5 FISH mapping of the mouse PG-Lb gene
A mouse chromosome 10 idiogram shows the location of the mouse PG-Lb gene at the region of 10 C2-C3.
moters. The following putative cis-acting elements were detected by using GENETYX-MAC programs (Table 2) : H4-histonegene-inducing element (H4TF-1), glucocorticoid-receptor binding element (GR) and a primary target of signal transduction responding to PMA, epidermal growth factor (EGF) and serum (PEA-3) were found. In addition, there was a homoeodomain protein-binding element (Hox-1). Comparison of putative cisacting elements in the 5h flanking region of mouse PG-Lb with those of the murine decorin and biglycan genes [16, 18, 19] revealed a lack of AP-1, AP-2 and SP-1, suggesting some difference from biglycan and decorin in respect of the promoter activity. In relation to the unique expression of PG-Lb in testis [5] , it was considered worthwhile to examine whether there were some putative binding sites for Sox proteins. Computer-assisted analysis of the 5h flanking region including the first intron of mouse PG-Lb gene revealed the presence of Sox 5 and Sox 9 binding sequences [27, 28] , which appeared four times in the 5h-flanking region and the first intron and once in the first intron, respectively (Table 2) .
Chromosomal location
In the first experiment, fluorescence labelling was observed in the distal portion of a medium-sized chromosome which was believed to be choromosome 10 on the basis of DAPI staining. A second experiment was conducted in which a probe that is specific for the centromeric region of chromosome 10 was co-hybridized with the clones. This experiment resulted in the specfic labelling of the centromere and the distal portion of chromosome 10. Precise measurements of the labelled chromosomes demonstrated that this clone is located at a position which is 73 % of the distance from the heterochromatic\euchromatic boundary to the telomere of chromosome 10, an area that corresponds to band 10 C2-C3 ( Figure 5) . A total of 80 metaphase cells were analysed with 71 exhibiting specific labelling.
DISCUSSION
We report here the genomic DNA structure encoding mouse PGLb. The mouse PG-Lb gene cloned from a 129\sv mouse genomic library spans at least 50 kb and consists of seven exons. Exon III encodes the chondroitin sulphate attachment region. Three exons, V, VI and VII encode six leucine-rich repeats. The modified 5h-RACE method gave two candidate sites for the transcription initiation (94 and 39 bases upstream from the 3h-end of the first exon). The site at base 39, however, does not conform to the canonical rule for a transcription initiation site and might be due to an artificial termination of the reverse-transcription reaction by the secondary structure rather than to the real 5h-end of the mRNA. Although further study will be needed for this alternative, a total size of the putative exons corresponds to the observed size of PG-Lb mRNA [5] .
Comparison of the exon-intron organization and junctions among small leucine-rich proteoglycan has revealed that they are classified into two groups. Human decorin [17] and biglycan [16] are encoded by eight distinct exons, but human fibromodulin [29] and lumican [11] are encoded by three exons. In the first group the leucine-rich repeats consist of multiple exons, but those in the second group are contained within a single exon. The exonintron organization and junctions of the PG-Lb gene showed some similarity to those of the first group of biglycan and decorin. However, the expression pattern of PG-Lb [13] completely differs from that of biglycan and decorin [14, 18] . Both Northern-blot hybridization and reverse transcription-PCR analyses showed a specific expression of mouse PG-Lb mRNA in cartilage and testis [5] and in the primary culture chondrocytes obtained from mouse embryonic epiphyseal cartilage (results not shown). It is noteworthy that the expression pattern of PG-Lb is very similar to that of a cartilage homoeoprotein 1, Cart-1 [30] , in that both molecules are exclusively expressed in cartilage and testis. However, it remains uncertain whether PG-Lb and Cart-1 are expressed in the same cell in these tissues.
Comparison of the sequences of the 5h-flanking promoter region between chicken and mouse showed a slight similarity each other (about 43 % ; T. Shinomura and K. Kimata, unpublished work). The first exon sequence of mouse PG-Lb showed about 70 % identity with chicken PG-Lb. Both sequences contained a possible TATA box sequence, but not a CCAAT element.
We have detected various nuclear-factor binding motifs (ciselements) in the 5h flanking region and the first intron (Table 2) . In relation to expression of PG-Lb in testis, it is noteworthy that Sox 5-and Sox 9-binding sequences are detected in this region [27, 28] . Both of these factors are members of a large family of proteins which harbour a DNA-binding domain similar to that of sex-determining region Y (SRY), testis determining gene, in mammals [31] . Recently, Sox 9 was found as a potent activator of the chondrocyte specific expression enhancer of the proα1(II) collagen gene [32] . Therefore the tissue-specific expression of PGLb might be closely related to an expression of a set of different Sox genes. As described above, Cart-1 homoeoprotein might also be involved in regulating the expression of PG-Lb, judging from their similar expression patterns. Although the sequence of the cis-element recognized by Cart-1 homoeoprotein is still not clear, the Cart-1 homoeodomain shows substantial sequence identity with S8, Pax-3 and MHox. It is noteworthy that S8 homoeoprotein binding sequences [33] are also found in the 5h flanking region of mouse PG-Lb gene. The nuclear-factor-binding motifs described above might be important for the tissue-specific expression of PG-Lb.
To characterize the PG-Lb gene further, we determined the location in the mouse genome. The PG-Lb gene was labelled at the distal region of mouse chromosome 10. Both the decorin and the lumican gene had previously been mapped on mouse chromosome 10 [8, 18, 34] . In contrast, the biglycan gene had been mapped on mouse choromosome X [35] . It is noteworthy that PG-Lb, decorin and lumican genes are located on the same chromosome.
Epiphycan, which is a member of small proteoglycans with a leucine-rich repeat core protein, has recently been isolated from bovine fetal epiphyseal cartilage, and a cDNA study has revealed that this proteoglycan appears to be the bovine equivalent of chicken and mouse PG-Lb [36] , which suggests the wide distribution of PG-Lb, with important biological functions, in the Animal Kingdom.
Overall, further study on the regulation of PG-Lb gene expression may help us to understand not only its unique expression mechanism in cartilage, but also its function in cartilage differentiation and morphogenesis.
